Collagens constitute a highly specialized family of extracellular matrix proteins, which are universally distributed in the animal body. In addition to the maintenance of the architecture of tissues, they have regulatory functions important for cell behaviour [1] [2] [3] . To date, more than 40 vertebrate collagen genes have been described, the products of which combine to form at least 29 distinct homo-and/or heterotrimeric molecules [4, 5] . The biosynthesis of collagen is a multi-step process characterized by a large number of co-and post-translational modifications, many of which are unique to collagens and collagen-like proteins. These modifications, which typically occur within the rough endoplasmic reticulum of the cell, include hydroxylation of lysyl residues catalysed by lysyl hydroxylase (EC 1.14.11.4, LH 
Introduction
Collagens constitute a highly specialized family of extracellular matrix proteins, which are universally distributed in the animal body. In addition to the maintenance of the architecture of tissues, they have regulatory functions important for cell behaviour [1] [2] [3] . To date, more than 40 vertebrate collagen genes have been described, the products of which combine to form at least 29 distinct homo-and/or heterotrimeric molecules [4, 5] . The biosynthesis of collagen is a multi-step process characterized by a large number of co-and post-translational modifications, many of which are unique to collagens and collagen-like proteins. These modifications, which typically occur within the rough endoplasmic reticulum of the cell, include hydroxylation of lysyl residues catalysed by lysyl hydroxylase (EC 1.14.11.4, LH) . Hydroxylysyl residues participate in the formation of collagen cross-links, which stabilize the extracellular matrix. They also serve as attachment sites for sugar units. The carbohydrates linked to hydroxylysyl residues are either a monosaccharide galactose or a disaccharide glucosylgalactose [6] [7] [8] [9] [10] [11] . The formation of hydroxylysyl-linked carbohydrate units is catalysed by two specific enzyme activities, hydroxylysyl galactosyltransferase (EC 2.4 
.1.50, GT) and galactosylhydroxylysyl glucosyltransferase (EC 2.4.1.66, GGT). The extent of hydroxylation and
The glycosyltransferase activities of lysyl hydroxylase 3 (LH3) in the extracellular space are important for cell growth and viability [187] [188] [189] [190] [191] to ADAAA [23] . The LH-deficient mutant was made by mutating the aspartate at position 669 to alanine [22] . Nucleofector 
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Hydroxylation and glycosylation analysis
HT-1080 cells stably transfected with the pcDNA3 vector (clone 9), full-length LH3 cDNA (clone H0-12) and the LH-deficient mutant (clone H14-3) were grown under standard conditions for 48 hrs. The collagenous proteins in the cells and media were collected and digested by highly purified collagenase (Sigma, St. Louis, MO, USA)
as described elsewhere [25] . After being hydrolysed in 2M NaOH, the amount of galactosylhydroxylysine (GH) and glucosylgalactosylhydroxylysine (GGH) as fluorescent dansyl derivatives were measured by slightly modifying the high-performance liquid chromatography (HPLC) method presented by Moro et al. [30] . GH 
Other methods
LH, GT and GGT activity assays were done as described elsewhere [32, 33] [34, 35] that is highly hydroxylated and glycosylated [6, 10] , and thus a good read-out molecule for the study. Table 1) . [36] 
Results
LH3 functions as LH, GT and GGT in HT-1080 cells
In order to verify that LH3 modifies lysyl residues in collagens in cellulo, we have generated wild-type, LH-deficient and glycosyltransferase-deficient human LH3 cDNA constructs in a mammalian pcDNA3 expression vector, and successfully transfected them separately into HT-1080 cells. These cells produce mainly type IV collagen
Western blot analysis showed clearly the overexpression of human LH3 and its mutated variants in the transfected HT-1080 cells under constant selection pressure (Fig. 1A) or with stably transfected clones (Fig. 1B). Stably transfected clones were easily established with all constructs except the glycosyltransferasedeficient mutant (Fig. 1B). The transfected cell lines were used to analyse cellular LH, GT and GGT activities as well as the amount of lysyl modifications in collagenous proteins. LH activity was measured by the assay not separating LH3 from the other two LH isoforms, and thus the activity observed represents the total LH activity of the cells. Our results indicate that LH activity was increased about 1.30-fold in cells stably transfected
with the wild-type LH3 (clone H0-12), and about 1.34-fold in cells transfected with the glycosyltransferase-deficient LH3 under selection pressure. In cells stably transfected with a LH-deficient construct (clone H14-3), the LH activity was reduced to about 54% compared to that of a pcDNA3 transfected clone (clone 9). Analysis of the amounts of the hydroxylysyl residues in collagenous proteins from cell culture medium by amino acid analysis revealed that the overexpression of wild-type LH3 resulted in about a 1.5-fold increase in the hydroxylation of lysyl residues compared to that in the vector control. No increase was found in the hydroxylysine content of the medium of cells transfected with the LH-deficient clone (not shown). The results indicate that the increase of hydroxylysine in collagenous proteins is due to the overexpression of the LH activity of LH3. Overexpression of LH3 also slightly increased the glycosylation of hydroxylysyl residues in collagenous sequences in cells (Table 1). Approximately a 10% increase in the content of GGH and GH was observed, when the cells were stably expressing wild-type LH3 (clone H0-12), the increase was also found with LH-deficient LH3 (clone H14-3) revealing that LH3-dependent glycosyltransferases are able to increase the glycosylation of hydroxylysyl residues in cells. GGT activity increased about 6-fold and GT activity 2-fold in the HT-1080 cells stably overexpressing wild-type human LH3 or the LH-deficient LH3 when compared with control cells transfected with the empty vector (clone 9) (
RNA interference analysis was carried out in order to confirm that LH3 is responsible for GT and GGT activities of cells. This is a very specific method to target the knock-down to a certain gene. As shown elsewhere
The addition of a glycosyltransferase-deficient LH3 fragment to the culture medium changes the cell morphology and slows cell growth
As demonstrated recently [25, 26] (Fig. 3A) . The antibody detected a major 30 kD band in the cell pellet fraction, indicating that the fragments were bound to the surface of the HT-1080 cells (Fig. 3A, lane 1-3) . The same-sized bands in medium confirmed that similar amounts of both fragments were used in the experiment (Fig. 3A, lane 4-6) . A faint band was also observed in the cell lysate after Nickel purification, indicating that a trace amount of the fragment was internalized in the cell (Fig. 3A, lane 7-9 (Fig. 3B, F, I ).
As seen in Figs 4 and 5A, the DXD fragment in HT-1080 cell medium affected the cells very rapidly inducing cell stretching (Fig. 4) as well as a significant inhibition of cell proliferation. The number of cells in DXD treated plates was significantly lower when compared with untreated cells (Fig. 5A) . As seen in Fig. 5A, treat 
Fig. 2 The effect of LH3 siRNAs on HT-1080 cells. (A) Galactosyltransferase (GT) and glucosyltransferase (GGT) activities in untransfected (white), vector transfected (pRNA U6.1/Neo) (grey) and LH3 siRNA (black) expressing HT-1080 cells after 10 days and 20 days of the treatment. The untreated cells were taken as 100%. The data presented were the mean values from two or three assays. (B) Light microscopic view at 10 days after transfection of HT-1080 cells transfected either with empty pRNA U6.1/Neo vector (control) or with LH3 siRNA-expressing constructs. The vector transfected cells grew normally with no obvious morphological change, whereas the LH3 siRNA transfected cells showed growth retardation, an abnormal rounded shape (a sign of cell detachment), and finally cell death.
Fig. 3 The binding of the LH3 N-terminal fragment and its glycosyltransferase-deficient counterpart on HT-1080 cell surfaces. (A) Western blot analysis after incubation with the hLH3N1 antibody: lanes 1-3 are cell pellets from untreated cells, DXD fragment treated cells and wild-type LH3 N-terminal fragment treated cells, respectively, demonstrating that both fragments (30 kD) bound to cell membranes; lanes 4-6 are medium samples purified on a Nickel column from the untreated cells, DXD fragment-treated cells and LH3 N-terminal fragment-treated cells, respectively, showing the same amount of the fragments (30 kD) used in all experiments. Lanes 7-9 are cell lysates purified on a Nickel column from untreated cells, DXD fragment treated cells and LH3 N-terminal fragment-treated cells, indicating trace amount of the fragments (30 kD) taken into the cells. (B) Immunofluorescence staining of non-permeabilized cells (A-C: untreated; D-F: DXD treatment; G-I: LH3N treatment) by the affinity-purified PLOD3 antibody (green colour, A, D and G), Wheat germ agglutinin (cell surface marker, red colour, B, E and H), and Hoechst 33258 (nuclei marker, blue colour). Parts C, F and I show the overlapping of the LH3 staining with the WGA staining on the cell surface (yellow colour, indicated by arrowheads). Untreated cells (C) are used as a background control, showing a small amount of endogenous LH3 on the cell surface. The cells treated with the DXD fragment (F) or the LH3N fragment (I) show much more overlap of the LH3 with the WGA, indicating that both fragments are bound to the cell surface.
Actin filaments and microtubules are involved in the cell morphology change after the addition of the glycosyltransferase-deficient LH3 fragment in the culture medium
Actin and vimentin are the most widely distributed proteins to form cytoskeletal networks in cells. The networks are frequently associated with microtubules. The integrins are the cell surface receptors that are the main mediators in cell-extracellular matrix adhesions. The cytoplasmic domains of integrins interact with actin filaments. Therefore remodeling of the actin cytoskeleton represents a key element of the response to extracellular stimuli. Microtubules also play a crucial role in many cellular functions, including maintenance of cell shape, cell signalling and cell division. Different microtubule-associated proteins (MAPs) influence the assembly and stability of microtubules and the association of microtubules with other cell structures. MAPs are targets of many extracellular signals, participating in many signal transduction pathways and their binding to microtubules being regulated by phosphorylation.
In (Fig. 6C) . However, actin networks underwent a clear re-organization following the DXD treatment (Fig. 6A) . The filopodia, the rod-like cell surface projections filled with bundles of parallel actin filaments, were severely disrupted in the DXD fragment-treated cells with almost no cell-cell contact seen at the cell periphery; whereas, the protrusions were well-developed in the untreated controls and the LH3N fragment treated cells (Fig. 6A) . As shown in Fig. 6B (Fig. 1A) , they overexpressed glycosyltransferase-deficient LH3 under constant selection pressure. Immunofluorescence staining using an anti-polyhistidine antibody showed that the morphology of these cells was altered after about 1 month of transfection. They were much more stretched and required cell-cell attachment, which are features of stressed cells (Fig. 8C) . Cells transfected with the empty vector or other constructs (wild-type LH3 or LH-deficient mutant) grew and divided normally (Fig. 8A, B and D) . As described above RNAi was also used to disturb the glycosyltransferase activity of LH3 intracellularly. After being cotransfected with the three LH3 siRNA expression constructs in pRNAU6.1/Neo, cells showed growth retardation, an abnormal rounded shape as described above (Fig. 2B) 
an attempt to establish whether cell morphology change is due to the disorganization of the cytoskeletal components in cells, we examined the cytoskeleton, a dynamic structure that maintains cell shape, enables cellular motion and plays important roles in both intracellular transport and cellular division. The organization of actin, tubulin and vimentin, the major types of protein filaments mechanically supporting cellular membranes, was studied in HT-1080 cells by using immunofluorescence staining after the treatment of the cells by addition of the DXD fragment or the LH3 N-terminal fragment to the cell culture medium. Our results showed that the vimentin cytoskeleton remained unchanged in the treated cells compared to the controls
Disturbance of the glycosyltransferase activities of LH3 inside the cell results in cell death
In order to confirm that a lack of glycosyltransferase activity of LH3 is responsible for cell growth arrest, we also investigated the effects of disturbing GGT activities inside the cells. We were not able to establish stably transfected cell lines overexpressing glycosyltransferase-deficient LH3, but we have data from transfected cells under constant selection pressure. The cells transfected with glycosyltransferase-deficient LH3 grew as a pool of cells, and, as shown earlier
t-test (one-tailed) was used for the statistical analysis, P < 0.05 was taken as a significant change. The changes of cell numbers deviating significantly from control cells are indicated by stars. (A) Extracellular effect in the presence of the wildtype LH3 N-terminal fragment or its glycosyltransferase-deficient form (DXD fragment) in cell medium. Untreated cells were used as controls. Significant inhibition of cell proliferation was observed with the DXD fragment-treated cells. (B) Intracellular effect by stably overexpressing full-length LH-deficient LH3 (clone H14-3). Remarkable acceleration of cell growth was seen, compared to the pcDNA3 vector (clone 9) transfected cells, when the glycosyltransferase activities of LH3 (not LH activity of LH3) increased in HT-1080 cells (clone H14-3). morphological change. The same experiments were carried out in Cos7 cells, and resulted in similar findings (not shown).
These 
Discussion
In this study, we explored the role of LH3, in particular its glycosyltransferase activities in the extracellular space of cultured HT-1080 cells. The data from the cells provide direct evidence that LH3 is able to hydroxylate lysyl residues and further glycosylate hydroxylysyl residues in these cells. HT-1080 cells synthesize mainly type IV collagen [34, 35] , in which hydroxylysyl residues are highly glycosylated, about 75% in ␣1(IV) [11] . The [38, 39] . Our recent analysis [40] [41, 42] .
Currently nine members in the family of collagenous transmembrane proteins have been characterized [43] 
